Age-related patterns of vigorous-intensity physical activity in youth:The International Children's Accelerometry Database by Corder, Kirsten et al.
Preventive Medicine Reports 4 (2016) 17–22
Contents lists available at ScienceDirect
Preventive Medicine Reports
j ourna l homepage: ht tp : / /ees.e lsev ie r .com/pmedrAge-related patterns of vigorous-intensity physical activity in youth: The International
Children's Accelerometry Database
Kirsten Corder a,⁎, Stephen J. Sharp a, Andrew J. Atkin a, Lars B. Andersen b,c, Greet Cardon d, Angie Page e,
Rachel Davey f, Anders Grøntved b, Pedro C. Hallal g, Kathleen F. Janz h, Katarzyna Kordas i, Susi Kriemler j,
Jardena J. Puder k,l, Luis B. Sardinha m, Ulf Ekelund a,c, Esther M.F. van Sluijs a,
on behalf of the International Children's Accelerometry Database (ICAD) Collaborators
a MRC Epidemiology Unit and UKCRC Centre for Diet and Activity Research (CEDAR), University of Cambridge School of Clinical Medicine, Box 285, Institute of Metabolic Science, Cambridge Bio-
medical Campus, Cambridge CB2 0QQ, United Kingdom
b Department of Sport Science and Clinical Biomechanics, University of Southern Denmark, Odense, Denmark
c Norwegian School of Sport Science, Oslo, Norway
d Department of Movement and Sports Sciences, Ghent University, Ghent, Belgium
e Centre for Exercise, Nutrition and Health Sciences, University of Bristol, Bristol, UK
f Centre for Research and Action in Public Health, University of Canberra, Canberra, Australia
g Federal University of Pelotas, Pelotas, Brazil
h Department of Health and Human Physiology, University of Iowa, Iowa City, US
i School of Social and Community Medicine, University of Bristol, UK
j Epidemiology, Biostatistics and Public Health Institute, University of Zürich, Switzerland
k Service of Endocrinology, Diabetes and Metabolism, Centre Hospitalier Universitaire Vaudois, University of Lausanne, Switzerland
l Division of Pediatric Endocrinology, Diabetology and Obesity, Centre Hospitalier Universitaire Vaudois (CHUV), Lausanne, Switzerland
m Exercise and Health Laboratory, Faculty of Human Movement, Technical University of Lisbon, Lisbon, Portugal⁎ Corresponding author at: MRC Epidemiology Unit, Un
Clinical Medicine, Box 285, Institute of Metabolic Science,
Cambridge CB2 0QQ, United Kingdom.
E-mail address: klc29@medschl.cam.ac.uk (K. Corder)
http://dx.doi.org/10.1016/j.pmedr.2016.05.006
2211-3355/© 2016 The Authors. Published by Elsevier Inca b s t r a c ta r t i c l e i n f oArticle history:
Received 3 May 2016
Accepted 16 May 2016
Available online 16 May 2016Physical activity declines during youth but most evidence reports on combinedmoderate and vigorous-intensity
physical activity. We investigated how vigorous-intensity activity varies with age.
Cross-sectional data from 24,025 participants (5.0–18.0 y; from 20 studies in 10 countries obtained 2008–2010)
providing ≥1 day accelerometer data (International Children's Accelerometry Database (ICAD)). Linear regres-
sion was used to investigate age-related patterns in vigorous-intensity activity; models included age (exposure),
adjustments for monitor wear-time and study. Moderate-intensity activity was examined for comparison. Inter-
actionswere used to investigatewhether the age/vigorous-activity association differed by sex,weight status, eth-
nicity, maternal education and region.
A 6.9% (95% CI 6.2, 7.5) relative reduction in mean vigorous-intensity activity with every year of age was ob-
served; for moderate activity the relative reduction was 6.0% (5.6%, 6.4%). The age-related decrease in
vigorous-intensity activity remained after adjustment for moderate activity. A larger age-related decrease in vig-
orous activitywas observed for girls (−10.7%) versus boys (−2.9%), non-white (−12.9% to−9.4%) versuswhite
individuals (−6.1%), lowest maternal education (high school (−2.0%)) versus college/university (ns) and for
overweight/obese (−6.1%) versus healthy-weight participants (−8.1%). In addition to larger annual decreases
in vigorous-intensity activity, overweight/obese individuals, girls and North Americans had comparatively
lower average vigorous-intensity activity at 5.0–5.9 y.
Age-related declines in vigorous-intensity activity during youth appear relatively greater than those ofmoderate
activity. However, due to a higher baseline, absolute moderate-intensity activity decreases more than vigorous.
Overweight/obese individuals, girls, andNorth Americans appear especially in need of vigorous-intensity activity
promotion due to low levels at 5.0–5.9 y and larger negative annual differences.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
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. This is an open access article under1. Background
Physical activity declines throughout childhood and adolescence
(Dumith et al., 2011). Results from the International Children'sthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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North America, Australia and Brazil, show a cross-sectional decrease of
4.2% in total physical activity with each additional year of age (Cooper
et al., 2015). Longitudinal data indicates that over 10 min/day of physi-
cal activity every year is replaced by sedentary time between 9/10 y and
13/14 y among British children (Corder et al., 2013a). Investigations of
physical activity for obesity prevention are somewhat inconclusive in
young people (Steinbeck, 2008; Wareham et al., 2005) whereas evi-
dence supporting physical activity for the reduction of cardiovascular
disease risk in youth is more hopeful (Ekelund et al., 2012a; Janssen
and Leblanc, 2010). Some evidence indicates that a 10-minute increase
inmoderate to vigorous-intensity physical activity (MVPA) is associated
favorablywithmetabolic outcomes including a smallerwaist circumfer-
ence and lower fasting insulin among young people (Ekelund et al.,
2012b).
Themajority of available evidence describing physical activity change
during childhood and adolescence focuses on combined MVPA, which
may mask intensity-speciﬁc changes in activity over time (Corder et al.,
2013b). It has been suggested that vigorous-intensity physical activity
may be more important than lower intensity activity for weight control
(Janssen and Ross, 2012; Steele et al., 2009) and has more predictive
value for obesity among boys (Latt et al., 2015). Furthermore, a higher
baseline BMI z-score has been associated with a greater decline in vigor-
ous activity during weekends between the ages of 10 y and 11 y (Corder
et al., 2013b). Vigorous-intensity physical activity accounts for the lowest
proportion of overall physical activity among young people, andmay de-
cline more rapidly than any other activity intensity during adolescence
(Corder et al., 2013b). Maintaining or increasing vigorous-intensity activ-
ity may require different health promotion strategies than interventions
targeting lower intensity activity, such as promotion of organized sport
versus lifestyle activities. Evidence regarding the pattern of vigorous-
intensity physical activity throughout childhood and adolescence is in-
conclusive and more evidence is needed to reﬂect a wide age range and
large population samples.
We investigated howvigorous-intensity physical activity varieswith
age among young people aged 5–18 years; we additionally compared
this with the decline in moderate-intensity physical activity over the
same period. We hypothesized that the decline in vigorous-intensity
physical activitywould be greater than that inmoderate-intensity phys-
ical activity. We additionally investigated whether age-related differ-
ences in vigorous-intensity physical activity varied by sex, weight
status, maternal education, ethnicity and geographic region to better
understand how to target physical activity promotion among popula-
tion subgroups.
2. Methods
2.1. Study
The International Children's Accelerometry Database (ICAD, http://
www.mrc-epid.cam.ac.uk/Research/Studies/) was established to pool
data on objectively measured physical activity from studies in youth
worldwide. The aims, design, study selection, inclusion criteria, and
methods of the ICAD project have been described in detail previously
(Sherar et al., 2011). Brieﬂy, in 2008 a PubMed search for potential con-
tributors was undertaken. From this search, 19 studies using the same
type of accelerometer (Actigraph) and including at least 400 partici-
pants aged 3 to 18 years were identiﬁed. Additional studies were iden-
tiﬁed by personal communication. In total, 25 studies were identiﬁed
and approached, of which 21 contributed data to ICAD (Boyd et al.,
2013; Sherar et al., 2011).
2.2. Participants
Previous analyses in ICAD indicated a linear association of MVPA
with age from 5 to 18 years of age (Cooper et al., 2015); thereforeonly participants aged ≥5.0 years were included in these analyses. Due
to the age criteria, the present analysis included data on children and
adolescents (aged 5–18 years) from 20 of the 21 studies included in
ICAD from Australia, Brazil, Europe, and North America, in which data
on objectively measured physical activity were available (N = 24,025
participants). These studies were performed between 1998 and 2009.
All contributing studies obtained relevant ethical approval.
2.3. Assessment of Physical Activity
A detailed description of the assessment of physical activity is avail-
able elsewhere (Sherar et al., 2011). Brieﬂy, all physical activity mea-
surements were made with uniaxial, waist-worn Actigraph
accelerometers (models 7164, 71256 and GT1M); these accelerometers
have been validated for assessment of free living physical activity en-
ergy expenditure in young people (Ekelund et al., 2001). All available
raw accelerometer data from contributing studies were reanalysed to
provide physical activity outcome variables that could be directly com-
pared (KineSoft, version 3.3.20). For consistency across studies, data
ﬁles were reintegrated to a 60-second epoch where necessary and
non-wear time was deﬁned as 60 min of consecutive zeros, allowing
for 2 min of nonzero interruptions (Troiano et al., 2008). All children
with at least 1 day of at least 500 min of measured monitor wear time
between 7 am and midnight were included in this analysis. Evenson
cut-points (Evenson et al., 2008) were used to estimate moderate-
(≥2296 cpm) and vigorous-intensity (≥4012 cpm) physical activity.
For descriptive purposes, time spent sedentary was deﬁned as all mi-
nutes registering less than 100 cpm (Treuth et al., 2004).
2.4. Non-accelerometer variables
Height and weight were measured using standardized clinical pro-
cedures across studies. Bodymass index (BMI, in kg/m2) was calculated
and participants were categorized into normal weight or overweight/
obese groups according to age and sex-speciﬁc cut points (Cole et al.,
2000). As a proxy for socio-economic status, maternal education was
used in three categories of up to completing high school, college or vo-
cational training and university or higher. Participants were categorized
into four groups to represent ethnicity: white, African ancestry, His-
panic and other (including Asian). Studies were grouped into ﬁve geo-
graphical areas (regions): the UK, the rest of Europe, North America,
Australia and Brazil. Not all variables were available in all datasets; the
studies in which they are available are shown in Table 1.
3. Statistics
Analyses were performed using STATA version 14.0 (Statacorp, Col-
lege Station, TX).
The outcome variables were minutes per day of vigorous- or
moderate-intensity physical activity which, due to non-normality,
were (natural) log-transformed prior to linear regression analyses.
Vigorous-intensity physical activity data over the 99th percentile were
set to the 99th percentile value to remove extreme observations. Abso-
lute vigorous- andmoderate-intensity physical activity is also presented
descriptively. Where multiple data were available from a participant,
only the ﬁrst measurement was included in the analyses.
Linear regression models were used to investigate age-related pat-
terns in vigorous- and moderate-intensity physical activity. Models in-
cluded age as the exposure, and were adjusted for monitor wear time
and study. The beta coefﬁcient for age was back transformed to repre-
sent a ratio of the geometricmeanof vigorous-intensity physical activity
for every year increase in age. Vigorous- and moderate-intensity physi-
cal activity were each modeled, with vigorous activity additionally ad-
justed for moderate-intensity activity. This adjusted model aimed to
assess whether any age-related difference in vigorous-intensity physi-
cal activity was independent of moderate-intensity physical activity
Table 1
Descriptive characteristics of included participants from 20 studies.
Studies N Descriptive data
Sex 1–20 24,025
N (%) Boys 10,756 (44.7)
N (%) Girls 13,279 (55.3)
Age (years) 1–20 24,025
Mean (SD) 11.02 (2.63)
Range 5.0–18.0
Location 1–20 24,025
N (%) UK 9767 (40.7)
N (%) Continental
Europe
4350 (18.1)
N (%) US 6973 (29.0)
N (%) Brazil 455 (1.9)
N (%) Australia 2480 (10.3)
Weight status 1–20 19,705
N (%) Overweight/obese 2002 (10.2)
Ethnicity 5, 8, 10–13, 15, 17, 18 10,219
N (%) White 5344 (52.3)
N (%) Black 2081 (20.4)
N (%) Hispanic 2109 (20.6)
N (%) Other 685 (6.70)
Maternal education 1–3, 5–8, 10, 12, 14, 16,
19
11,916
N (%) ≥ High school 6271 (52.6)
N (%) College 1975 (16.6)
N (%) ≥ University 3670 (30.8)
Physical activity
(min/day)
1–20 24,025
VPA (Median [IQR]) 10.6 [5.2, 19.5]
MPA (Median [IQR]) 34.25 [23.0,
47.9]
Wear time (Mean(SD)) 769.7 (88.6)
Sedentary (Mean(SD)) 349.1 (103.2)
VPA Vigorous-intensity physical activity.
MPA Moderate-intensity physical activity.
Maternal education:Mothers highest education 1 “up to and including high school” 2 “col-
lege vocational training” 3 “University+”.
Studies: 1 “ALSPAC” (Boyd et al., 2013) the study includes a searchable data dictionary 2
“Belgium Pre-School Study” (Cardon and De Bourdeaudhuij, 2007) 3 “CLAN” (Crawford
et al., 2010) 4 “CSCIS” (Eiberg et al., 2005) 5 “Denmark EYHS” (Brage et al., 2004) 6
“Estonia EYHS” (Riddoch et al., 2005) 7 “HEAPS” (Salmon et al., 2006) 8 “IOWA” (Janz
et al., 2001) 9 “NHANES 2005–6” (Centers for Disease Control and Prevention, 2005) 10
“Norway EYHS” (Ommundsen et al., 2006) 11 “NHANES 2003–4” (Centers for Disease
Control and Prevention, 2005) 12 “PEACH” (Page et al., 2009) 13 “Pelotas” (Victora et al.,
2008) 14 “Portugal EYHS” (Sardinha et al., 2008) 15 “SPEEDY” (van Sluijs et al., 2008)
16 “Project TAAG” (Stevens et al., 2005) 17 “CHAMPS UK” (Gidlow et al., 2008) 18
“Ballabeina Study” (Niederer et al., 2009) 19 “KISS” (Zahner et al., 2006) 20 “CHAMPS
US” (Pfeiffer et al., 2009).
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independently.
For vigorous-intensity physical activity, interaction parameterswere
included to investigate potential differences in the effect of age by sex,
weight status, ethnicity, maternal education (as a proxy for SES) and
geographical region. If a signiﬁcant interaction was found, models
were stratiﬁed by subgroup to aid interpretation (Table 3). Interactions
were not investigated for moderate activity as vigorous-intensity phys-
ical activity is the main focus of this analysis due to the emerging evi-
dence on the importance of vigorous activity in respect to health,
including weight control (Janssen and Ross, 2012; Steele et al., 2009).
To check our linearity assumption, analyses were repeated with age
categorized into 2-year age bands (data not shown) and as the changes
in log (vigorous-intensity physical activity) between adjacent age bands
were similar, it is reasonable to assume that the age/physical activity as-
sociation is log-linear across the 5–18 year age range.
Subsequently, to aid interpretation of the results, the mean(SD) of
vigorous- and moderate-intensity physical activity among participants
5.0–5.9 years-old (n = 1303) are presented (Tables 2 and 3) and have
been used to estimate the absolute age-related differences over 5–
18 years (13 year period).4. Results
Participant characteristics are summarized in Table 1. Every year in-
crease in agewas associatedwith a relative reduction inmean vigorous-
intensity physical activity of 6.9% (95% CI 6.2%, 7.5%) and in mean
moderate-intensity physical activity of 6.0% (95% CI 5.6%, 6.4%)
(Table 2). The age-related difference in vigorous-intensity physical ac-
tivity was substantially attenuated but remained signiﬁcant when ad-
justed for moderate-intensity physical activity. Based on mean values
for the 5.0–5.9 year-olds within ICAD, we estimated that vigorous-
intensity physical activity would be 5.1 min at 18 years-old,
representing a decrease of 7.9 min over 13 years.
There was evidence that the age/vigorous-intensity physical activity
association signiﬁcantly differed by sex, ethnicity, maternal education
and weight status. A larger age-related decrease in vigorous-intensity
physical activity was observed among groups with lower levels at base-
line, in girls versus boys, and among overweight/obese versus healthy
weight individuals. However, compared to white individuals, non-
white individuals had higher vigorous-intensity physical activity at
baseline and a larger age-related decrease; this was additionally seen
for participants with lowmaternal education (high-school only) versus
those whose parents had a college or university education. In UK stud-
ies, vigorous-intensity physical activity increased with age whereas a
decrease with age was observed in studies from North America and
Australia and no signiﬁcant change among the rest of Europe.
5. Discussion
We estimated a 6.9% reduction in objectively-measured vigorous-
intensity physical activity, relative to age 5 y, with every year of age dur-
ing childhood and adolescence; representing a reduction of 7.8 min be-
tween the ages of 5 and 18. The relative decrease in moderate-intensity
physical activity was slightly smaller at 6.0% per year of age, equivalent
to a 22.8-minute reduction over the same time period. However, due to
larger baseline values, in absolute terms the decline in moderate-
intensity physical activity is greater than that of a vigorous-intensity.
The age-related difference in vigorous-intensity physical activity was
signiﬁcant independent ofmoderate-intensity physical activity; indicat-
ing that within the previously cited decline of MVPA throughout child-
hood and adolescence (Cooper et al., 2015), the vigorous-intensity
physical activity decline may be relatively greater.
There is relatively little data exclusively examining change in
vigorous-intensity physical activity with which to compare our results.
However, a 7% decrease in total physical activity per year during adoles-
cence was concluded by a review including 26 longitudinal studies
(Dumith et al., 2011). This review only found three studies examining
change in vigorous-intensity physical activity and summarized the
mean annual change across these three studies as −5.2% (95% CI
−37.2 to 25.5) p = 0.51 (Dumith et al., 2011). As the authors state,
there were likely to be insufﬁcient data to adequately estimate change
over time (Dumith et al., 2011). Nevertheless, that review highlighted
the limited evidence available regarding the age-related change in
vigorous-intensity physical activity and supports the need to examine
this component separately from MVPA. Investigation of patterns of
vigorous-intensity physical activity may be especially timely consider-
ing the increasing evidence suggesting associations of vigorous-
intensity activity with anthropometric and cardiometabolic indicators
(Gutin and Owens, 2011; Yin et al., 2012).
The age-related decreases in vigorous-intensity physical activity
throughout adolescence appear greater for certain population sub-
groups, including girls, non-white participants, participants with low
maternal education, overweight/obese individuals and participants
from studies inNorth America andAustralia. Regression to themean ap-
pears to explain some of these differences, with population groupswith
higher vigorous-intensity physical activity at 5.0–5.9 years demonstrat-
ing larger negative differences; this appears to be the case for non-white
Table 2
Estimated associations of age (years) with VPA and MPA from linear regression models.
Ratio 95% CI P value % relative decrease/increase in geometric mean (95% CI) Mean (SD) at 5.0–5.9 y Extrapolated change 5-18 y (min)
Single models
VPA 0.931 (0.925, 0.938) b0.001 −6.9% (6.2%, 7.5%) 12.97 (12.64) −7.85
MPA 0.940 (0.936, 0.944) b0.001 −6.0% (5.6%, 6.4%) 41.32 (17.46) −22.83
Adjusted
VPA 0.989 (0.984, 0.994) b0.001 −1.1% (0.6%, 1.6%)
MPA 1.036 (1.035, 1.036) b0.001 +3.6% (3.5%, 3.6%)
Adjusted for monitor wear time with study as a covariate.
95% CI; 95% conﬁdence interval.
% diff; calculated from the ratio as the % relative decrease/increase in geometric mean of VPA with age.
Ratio; ratio of the geometric mean VPA for every year increase in age.
VPA; Vigorous-intensity physical activity (min).
MPA; moderate-intensity physical activity (min).
Data from 20 studies in Europe, North America, Australia and Brazil and obtained 2008–2010.
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dren.Maternal educationwas used as a proxy for socio-economic status
but the socio-economic patterning of activity is complex andmay not be
comparable across countries, especially those at different stages of their
economic transition (Hallal et al., 2012). Other indicators of socio-
economic status may show different associations with physical activity
and further work examining patterns of activity change by different
measures of socio-economic status would be useful.
Our results align with previous evidence indicating that girls are less
active than boys, that overweight/obese individuals are less active than
their normal weight peers (Cooper et al., 2015; Dumith et al., 2011;
Hallal et al., 2012) and that North American youth may be particularly
inactive (Cooper et al., 2015; Dumith et al., 2011; Hallal et al., 2012).
However, alongside low initial vigorous-intensity physical activity
levels among girls, overweight/obese individuals and participants in
North American studies, our results show that these groups also appear
to have larger negative annual differences in vigorous-intensity physical
activity. Given the suggested greater health beneﬁts of vigorous- over
moderate-intensity physical activity (Janssen and Ross, 2012; SteeleTable 3
Estimated associations of age (years) with VPA from linear regression models. Results are pres
Subgroups
Interaction (p
value) Ratio 95% CI P
% relative de
mean (95% C
Sex b0.001
Male 0.971 (0.962, 0.980) b0.001 −2.9% (2.0
Female 0.893 (0.884, 0.901) b0.001 −10.7% (9.9
Ethnicity b0.001
White 0.939 (0.926, 0.954) b0.001 −6.1% (6.6
Black 0.871 (0.856, 0.886) b0.001 −12.9% (11.
Hispanic 0.906 (0.982, 0.921) b0.001 −9.4% (7.9
Other 0.906 (0.871, 0.942) b0.001 −9.4% (12.
Maternal education 0.005
High school 0.980 (0.964, 0.996) 0.013 −2.0% (0.0
College 0.979 (0.953, 1.005) 0.112
University 1.004 (0.984, 1.025) 0.667
Weight status 0.001
Normal 0.939 (0.931, 0.946) b0.001 −6.1% (5.4
o/o 0.919 (0.900, 0.938) b0.001 −8.1% (6.2
Region
UK ref 1.065 (1.041, 1.089) b0.001 +6.5% (4.1
Europe 0.001 1.016 (0.997, 1.035) 0.095
North America b0.001 0.885 (0.877, 0.894) b0.001 −11.5% (10.
Brazil 0.004 0.673 (0.448, 1.011) 0.056
Australia b0.001 0.979 (0.867, 0.992) 0.001 −2.1% (0.8
Adjusted for monitor wear time and study.
95% CI; 95% conﬁdence interval.
% diff; calculated from the ratio as the % relative decrease/increase in geometric mean of VPA w
Ratio; ratio of the geometric mean VPA for every year increase in age.
VPA; Vigorous-intensity physical activity (min).
o/o; overweight or obese individuals.
* Insufﬁcient data to provide meaningful mean value (N b 10).
Extrapolated change calculated as [(Ratio^13)*Mean at 5–5.9 years-old]-Mean at 5–5.9 years-o
Data from 20 studies in Europe, North America, Australia and Brazil and obtained 2008–2010.et al., 2009), these groupsmight therefore be especially in need of inter-
ventions to promote vigorous-intensity physical activity.
Results fromUK studies suggest an age-related increase in vigorous-
intensity physical activity, contrary to expectations and the results from
other regions. To further investigate this, post-hoc analyses were con-
ducted with each UK study separately and the positive nature of the
age-related vigorous-intensity physical activity increase appears to be
driven by one individual study (Gidlow et al., 2008); removal of this
study changes the direction of the association (data not shown) and
makes the results for UK studies consistent with those from North
America and Australia. Possible explanations for the differences be-
tween this study and other British studies may include sampling strat-
egy or seasonal timing (Atkin et al., 2015) of the measurements for
this sample aged 3 to 16 years-old (Gidlow et al., 2008), which we
were unable to account for in these analyses.
These results should be considered in the context of thewhole phys-
ical activity intensity spectrum. Results indicated that age-relateddiffer-
ences in vigorous-intensity physical activity were independent of
moderate activity and therefore that vigorous-intensity physical activityented within subgroups for which the p-values for interactions with age were p b 0.05.
crease/increase in geometric
I)
Mean (SD) VPA min at
5.0–5.9 y
Extrapolated change 5-18 y
(min)
%, 3.8%) 15.16 (15.03) −4.82
%, 11.6%) 10.98 (9.56) −8.46
%, 7.4%) 10.58 (8.43)
4%, 16.4%) *
%, 1.8%) *
9%, 5.8%) *
4%, 3.6%) 17.91 (14.9) −4.14
%, 6.9%) 12.85 (12.34) −7.18
%, 10.0%) 11.71 (10.16) −7.80
%, 8.9%) 13.60 (12.45) +17.24
6%, 12.3%) 11.18 (8.31) −8.90
%, 13.3%) 19.78 (16.06) −4.78
ith age.
ld.
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be noted that our analyses did not take differing levels of light-intensity
physical activity or sedentary time into account. When we examine the
descriptive data, and also consider other recent publications (Cooper
et al., 2015), on a population level, most of the volume of the physical
activity decline appears to consist of light-intensity activity being re-
placed by sedentary time. Nevertheless, it is likely that physical activity
promotion should continue to include focus on the promotion and
maintenance of vigorous-intensity physical activity. The physical activ-
ity promotion strategies needed to promote activity at each end of the
intensity spectrum are likely to vary, as is the approach needed for dif-
ferent population subgroups. However, our results suggest that promo-
tion of vigorous-intensity physical activity may warrant further
attention and especially among certain population subgroups such as
girls and overweight/obese individuals.
We extrapolated our results to estimate the potential magnitude of
the age-related difference in vigorous physical activity throughout ado-
lescence, however, these results are cross-sectional so should be
interpreted as such. There are some limitations with the ICAD data in
that it may not be representative of national populations and that the
data over-represents certain countries such as the UK and the US. Addi-
tionally, certain age-groups are under-represented with adolescents
≥14 years-old representing b9% of the total number of participants in
this analysis; this is reﬂective of the limited physical activity data avail-
able for older adolescents (Corder et al., 2015). We only included the
ﬁrst data point from each individual; we deemed it necessary to remove
follow-up intervention data from this analysis butwe acknowledge that
baseline data from longitudinal studies may have been collected earlier
than some cross-sectional studies which may contribute to potential
temporal bias. The data sources within ICAD have been collected over
a wide time-interval (about 20 years) and estimated age-effects may
therefore have been inﬂuenced by possible temporal trends in activity
over the time-period of data-collection. As age-intervals in each data
source are non-randomly distributed over this time-interval, this may
introduce biaswhich the adjustment for study in our analysis is unlikely
to prevent. Potential future additions to the ICAD dataset should allow a
more comprehensive analysis of intra-individual physical activity
change. We did not include data on maturation in our analysis; this
was primarily due to the relatively small number of studies having com-
parable data on maturation. Nonetheless, this analysis uses data from a
very large sample of young people over a wide age range from four con-
tinents so we can be relatively conﬁdent in our results. Waist worn ac-
celerometers may have limitations when assessing certain types of
physical activity such as cycling and must be removed for swimming
and other aquatic activities (Corder et al., 2007a); this may lead to
bias if engagement of these activities differs across the age range or be-
tween population groups. Data within ICAD is available in 60-second
epochs and compared to shorter epoch lengths, this may reduce the
amount of vigorous-intensity physical activity recorded and therefore
inﬂuence the variability of the outcome (Corder et al., 2007b). As phys-
ical activity ismore erratic and vigorous-intensity physical activitymore
short-lasting at a young age (Oliver et al., 2007), this longer epoch may
result in underestimation of vigorous-intensity activity at age 5 and of
the annual decline. For example, free-living Actigraph assessed
vigorous-intensity activity (meanmin/day) in a group of 27 adolescents
15.8(0.6) years-oldwas 0.4(1.1)min/daywhen the datawas aggregated
to a 60 second epoch versus 2.3(2.5)min/daywhen using the same data
with the original 5-second epoch (Corder et al., 2007b).
Vigorous-intensity physical activity appears to fall by 6.9% with each
year of age during childhood and adolescence. Within MVPA, vigorous-
intensity physical activity appears to decline proportionately more than
moderate-intensity physical activity. However, in absolute terms, the
moderate-intensity physical activity decline is greater than that of
vigorous-intensity physical activity. The age-related differences in
vigorous-intensity physical activity appear to be greatest among girls,
non-white individuals, overweight and obese participants and thosefrom North America and Australia. Due to low levels of vigorous-
intensity physical activity in young childhood and large age-related dif-
ferences, girls, overweight and obese individuals and young people
from North America appear most in need of vigorous-intensity physical
activity promotion.
Conﬂict of interest
Kirsten Corder reports receiving the following grants: Lead Appli-
cant - A cluster randomised controlled trial to evaluate the effectiveness
and cost-effectiveness of the GoActive program to increase physical ac-
tivity among 13–14 year-old adolescents. Project: 13/90/18 National In-
stitute for Health Research Public Health Research ProgramSept. 2015 –
Feb. 2019. Co-Applicant - Opportunities within the school environment
to shift the distribution of activity intensity in adolescents. Department
of Health Policy Research Program. Dec. 2013–Nov. 2016. Kirsten Corder
is a Director of Ridgepoint Consulting Limited, an operational improve-
ment consultancy.
Data from studies in Europe, North America, Australia and Brazil and
obtained 2008–2010.
Acknowledgments
We would like to thank all participants and funders of the original
studies that contributed data to ICAD. The pooling of the data was
funded through a grant from the National Prevention Research Initiative
(Grant number: G0701877) (http://www.mrc.ac.uk/research/
initiatives/national-prevention-research-initiative-npri/). The funding
partners relevant to this award are: British Heart Foundation; Cancer
Research UK; Department of Health; Diabetes UK; Economic and Social
Research Council; Medical Research Council; Research and Develop-
ment Ofﬁce for the Northern Ireland Health and Social Services; Chief
Scientist Ofﬁce; Scottish Executive Health Department; The Stroke As-
sociation; Welsh Assembly Government and World Cancer Research
Fund. This work was additionally supported by the Medical Research
Council [MC_UU_12015/3;MC_UU_12015/7], Bristol University, Lough-
borough University and Norwegian School of Sport Sciences. We ac-
knowledge the Centre for Diet and Activity Research (CEDAR), a
UKCRC Public Health Research Centre of Excellence. Funding from the
British Heart Foundation, Cancer Research UK, Economic and Social Re-
search Council, Medical Research Council, the National Institute for
Health Research, and the Wellcome Trust, under the auspices of the
UK Clinical Research Collaboration, is gratefully acknowledged. We
also gratefully acknowledge the contribution of Professor Chris Riddoch,
Professor Ken Judge and Dr. Pippa Griew to the development of ICAD.
The ICAD Collaborators include: Prof LB Andersen, University of
Southern Denmark, Odense, Denmark (Copenhagen School Child Inter-
vention Study (CoSCIS)); Prof S Anderssen, Norwegian School for Sport
Science, Oslo, Norway (European Youth Heart Study (EYHS), Norway);
Prof G Cardon, Department of Movement and Sports Sciences, Ghent
University, Belgium (Belgium Pre-School Study); Centers for Disease
Control and Prevention (CDC), National Center for Health Statistics
(NCHS), Hyattsville, MD USA (National Health and Nutrition Examina-
tion Survey (NHANES)); Prof A Cooper, Centre for Exercise, Nutrition
and Health Sciences, University of Bristol, UK (Personal and Environ-
mental Associationswith Children's Health (PEACH)); Dr. R Davey, Cen-
tre for Research and Action in Public Health, University of Canberra,
Australia (Children's Health and Activity Monitoring for Schools
(CHAMPS)); Prof U Ekelund, Norwegian School of Sport Sciences, Oslo,
Norway and MRC Epidemiology Unit, University of Cambridge, UK; Dr.
DW Esliger, School of Sports, Exercise and Health Sciences, Loughbor-
ough University, UK; Dr. A Grøntved, University of Southern Denmark,
Odense, Denmark (European Youth Heart Study (EYHS), Denmark);
Dr. P Hallal, Postgraduate Program in Epidemiology, Federal University
of Pelotas, Brazil (1993 Pelotas Birth Cohort); Prof KF Janz, Department
of Health and Human Physiology, Department of Epidemiology,
22 K. Corder et al. / Preventive Medicine Reports 4 (2016) 17–22University of Iowa, Iowa City, US (Iowa BoneDevelopment Study); Dr. K
Kordas, School of Social and Community Medicine, University of Bristol,
UK (Avon Longitudinal Study of Parents and Children (ALSPAC)); Dr. S
Kriemler, Epidemiology, Biostatistics and Prevention Institute, Univer-
sity of Zürich, Switzerland (Kinder-Sportstudie (KISS)); Dr. A Page, Cen-
tre for Exercise, Nutrition and Health Sciences, University of Bristol, UK;
Prof R Pate, Department of Exercise Science, University of South Caro-
lina, Columbia, US (Physical Activity in Pre-school Children (CHAMPS-
US) and Project Trial of Activity for Adolescent Girls (Project TAAG));
Dr. JJ Puder, Service of Endocrinology, Diabetes and Metabolism, Centre
Hospitalier Universitaire Vaudois, University of Lausanne, Switzerland
(Ballabeina Study); Prof J Reilly, Physical Activity for Health Group,
School of Psychological Sciences and Health, University of Strathclyde,
Glasgow, UK (Movement and Activity Glasgow Intervention in Children
(MAGIC)); Prof. J Salmon, School of Exercise and Nutrition Sciences,
Deakin University, Melbourne, Australia (Children Living in Active
Neigbourhoods (CLAN)); Prof LB Sardinha, Exercise and Health Labora-
tory, Faculty of Human Movement, Technical University of Lisbon,
Portugal (European Youth Heart Study (EYHS), Portugal); Dr. LB Sherar,
School of Sports, Exercise and Health Sciences, Loughborough Univer-
sity, UK; Dr. A Timperio, Centre for Physical Activity and Nutrition Re-
search, Deakin University Melbourne, Australia (Healthy Eating and
Play Study (HEAPS)); Dr. EMF van Sluijs, MRC Epidemiology Unit, Uni-
versity of Cambridge, UK (Sport, Physical activity and Eating behavior:
Environmental Determinants in Young people (SPEEDY)). The UKMed-
ical Research Council and theWellcome Trust (Grant ref.: 102215/2/13/
2) and the University of Bristol provide core support for ALSPAC.
References
Atkin, A.J., Sharp, S.J., Harrison, F., Brage, S., van Sluijs, E.M., 2015. Seasonal Variation in
Children's Physical Activity and Sedentary Time (Med Sci Sports Exerc).
Boyd, A., Golding, J., Macleod, J., et al., 2013. Cohort proﬁle: the ‘children of the 90s’–the
index offspring of the Avon Longitudinal Study of Parents and Children. Int.
J. Epidemiol. 42, 111–127.
Brage, S., Wedderkopp, N., Ekelund, U., et al., 2004. Features of the metabolic syndrome
are associated with objectively measured physical activity and ﬁtness in Danish chil-
dren: the European Youth Heart Study (EYHS). Diabetes Care 27, 2141–2148.
Cardon, G., De Bourdeaudhuij, I., 2007. Comparison of pedometer and accelerometer mea-
sures of physical activity in preschool children. Pediatr. Exerc. Sci. 19.
Centers for Disease Control and Prevention, 2005. Chapter 6: National Health and Nutri-
tion Examination Survey (NHANES) Anthropometry and Physical Activity Monitor
Procedures Manual.
Cole, T.J., Bellizzi, M.C., Flegal, K.M., Dietz, W.H., 2000. Establishing a standard deﬁnition
for child overweight and obesity worldwide: international survey. BMJ 320,
1240–1243.
Cooper, A.R., Goodman, A., Page, A.S., et al., 2015. Objectively measured physical activity
and sedentary time in youth: the international children's accelerometry database
(ICAD). Int. J. Behav. Nutr. Phys. Act. 12, 113.
Corder, K., Atkin, A.J., Ekelund, U., van Sluijs, E.M., 2013a. What do adolescents want in
order to become more active? BMC Public Health 13, 718.
Corder, K., Brage, S., Ekelund, U., 2007a. Accelerometers-pedometers: methodology and
clinical application. Curr Opin Clin Nutr Metab Care 10, 597–603.
Corder, K., Brage, S., Ramachandran, A., Snehalatha, C., Wareham, N., Ekelund, U., 2007b.
Comparison of two Actigraph models for assessing free-living physical activity in
Indian adolescents. J. Sports Sci. 25, 1607–1611.
Corder, K., Craggs, C., Jones, A.P., Ekelund, U., Grifﬁn, S.J., van Sluijs, E.M., 2013b. Predictors
of change differ for moderate and vigorous intensity physical activity and for week-
days and weekends: a longitudinal analysis. Int. J. Behav. Nutr. Phys. Act. 10, 69.
Corder, K., Schiff, A., Kesten, J.M., van Sluijs, E.M., 2015. Development of a universal ap-
proach to increase physical activity among adolescents: the GoActive intervention.
BMJ Open 5, e008610.
Crawford, D., Cleland, V., Timperio, A., et al., 2010. The longitudinal inﬂuence of home and
neighbourhood environments on children's body mass index and physical activity
over 5 years: the CLAN study. Int. J. Obes. 34, 1177–1187.
Dumith, S.C., Gigante, D.P., Domingues, M.R., Kohl 3rd, H.W., 2011. Physical activity
change during adolescence: a systematic review and a pooled analysis. Int.
J. Epidemiol. 40, 685–698.
Eiberg, H., Hasselstrom, H., Gronfeldt, V., Froberg, K., Svensson, J., Andersen, L.B., 2005.
Maximum oxygen uptake and objectively measured physical activity in Danish chil-
dren 6–7 years of age: the Copenhagen school child intervention study. Brit J Sports
Med 39, 725–730.Ekelund, U., Luan, J., Sherar, L.B., Esliger, D.W., Griew, P., Cooper, A., 2012a. Moderate to
vigorous physical activity and sedentary time and cardiometabolic risk factors in chil-
dren and adolescents. JAMA 307, 704–712.
Ekelund, U., Luan, J., Sherar, L.B., Esliger, D.W., Griew, P., Cooper, A., 2012b. Moderate to
vigorous physical activity and sedentary time and cardiometabolic risk factors in chil-
dren and adolescents. JAMA 307, 704–712.
Ekelund, U., Sjöström, M., Yngve, A., et al., 2001. Physical activity assessed by activity
monitor and doubly labelled water in children. Med. Sci. Sports Exerc. 33, 275–281.
Evenson, K.R., Catellier, D.J., Gill, K., Ondrak, K.S., McMurray, R.G., 2008. Calibration of two
objective measures of physical activity for children. J. Sports Sci. 26, 1557–1565.
Gidlow, C.J., Cochrane, T., Davey, R., Smith, H., 2008. In-school and out-of-school physical
activity in primary and secondary school children. J. Sports Sci. 26, 1411–1419.
Gutin, B., Owens, S., 2011. The inﬂuence of physical activity on cardiometabolic bio-
markers in youths: a review. Pediatr. Exerc. Sci. 23, 169–185.
Hallal, P.C., Andersen, L.B., Bull, F.C., Guthold, R., Haskell, W., Ekelund, U., 2012. Global
physical activity levels: surveillance progress, pitfalls, and prospects. Lancet 380,
247–257.
Janssen, I., Leblanc, A.G., 2010. Systematic review of the health beneﬁts of physical activity
and ﬁtness in school-aged children and youth. Int. J. Behav. Nutr. Phys. Act. 7, 40.
Janssen, I., Ross, R., 2012. Vigorous intensity physical activity is related to the metabolic
syndrome independent of the physical activity dose. Int. J. Epidemiol.
Janz, K.F., Burns, T.L., Torner, J.C., et al., 2001. Physical activity and bonemeasures in young
children: the Iowa bone development study. Pediatrics 107, 1387–1393.
Latt, E., Maestu, J., Ortega, F.B., Raask, T., Jurimae, T., Jurimae, J., 2015. Vigorous physical ac-
tivity rather than sedentary behaviour predicts overweight and obesity in pubertal
boys: a 2-year follow-up study. Scand J Public Health 43, 276–282.
Niederer, I., Kriemler, S., Zahner, L., et al., 2009. Inﬂuence of a lifestyle intervention in pre-
school children on physiological and psychological parameters (Ballabeina): study
design of a cluster randomized controlled trial. BMC Public Health 9, 94.
Oliver, M., Schoﬁeld, G.M., Kolt, G.S., 2007. Physical activity in preschoolers: understand-
ing prevalence and measurement issues. Sports Med. 37, 1045–1070.
Ommundsen, Y., Klasson-Heggebo, L., Anderssen, S.A., 2006. Psycho-social and environ-
mental correlates of location-speciﬁc physical activity among 9- and 15- year-old
Norwegian boys and girls: the European Youth Heart Study. Int. J. Behav. Nutr.
Phys. Act. 3, 32.
Page, A.S., Cooper, A.R., Griew, P., Davis, L., Hillsdon, M., 2009. Independent mobility in re-
lation to weekday and weekend physical activity in children aged 10–11 years: the
PEACH project. Int. J. Behav. Nutr. Phys. Act. 6, 2.
Pfeiffer, K.A., Dowda, M., McIver, K.L., Pate, R.R., 2009. Factors related to objectively mea-
sured physical activity in preschool children. Pediatr. Exerc. Sci. 21, 196–208.
Riddoch, C., Edwards, S., Page, A., et al., 2005. The European Youth Heart Study - cardio-
vascular disease risk factors in children: rationale, aims, study design and validation
of methods. J. Phys. Act. Health 2, 115–129.
Salmon, J., Campbell, K.J., Crawford, D.A., 2006. Television viewing habits associated with
obesity risk factors: a survey of Melbourne schoolchildren. Med J Aust 184, 64–67.
Sardinha, L.B., Andersen, L.B., Anderssen, S.A., et al., 2008. Objectively measured time
spent sedentary is associated with insulin resistance independent of overall and cen-
tral body fat in 9- to 10-year-old Portuguese children. Diabetes Care 31, 569–575.
Sherar, L.B., Griew, P., Esliger, D.W., et al., 2011. International children's accelerometry da-
tabase (ICAD): design and methods. BMC Public Health 11, 485.
Steele, R.M., van Sluijs, E.M., Cassidy, A., Grifﬁn, S.J., Ekelund, U., 2009. Targeting sedentary
time or moderate- and vigorous-intensity activity: independent relations with adi-
posity in a population-based sample of 10-y-old British children. Am. J. Clin. Nutr.
90, 1185–1192.
Steinbeck, K., 2008. The importance of PA in the prevention of overweight and obesity in
childhood: a review and an opinion. Obes. Rev. 2, 117–130.
Stevens, J., Murray, D.M., Catellier, D.J., et al., 2005. Design of the Trial of Activity in Ado-
lescent Girls (TAAG). Contemp Clin Trials 26, 223–233.
Treuth, M.S., Schmitz, K., Catellier, D.J., et al., 2004. Deﬁning accelerometer thresholds for
activity intensities in adolescent girls. Med. Sci. Sports Exerc. 36, 1259–1266.
Troiano, R.P., Berrigan, D., Dodd, K.W., Masse, L.C., Tilert, T., McDowell, M., 2008. Physical
activity in the United States measured by accelerometer. Med. Sci. Sports Exerc. 40,
181–188.
van Sluijs, E.M., Skidmore, P.M., Mwanza, K., et al., 2008. Physical activity and dietary be-
haviour in a population-based sample of British 10-year old children: the SPEEDY
study (sport, physical activity and eating behaviour: environmental determinants
in young people). BMC Public Health 8, 388.
Victora, C.G., Hallal, P.C., Araujo, C.L., Menezes, A.M., Wells, J.C., Barros, F.C., 2008. Cohort
proﬁle: the 1993 Pelotas (Brazil) birth cohort study. Int. J. Epidemiol. 37, 704–709.
Wareham, N., van Sluijs, E., Ekelund, U., 2005. Physical Activity and Obesity Prevention: a
Review of the Current Evidence (Proc Nutr Soc).
Yin, Z., Moore, J.B., Johnson, M.H., Vernon, M.M., Gutin, B., 2012. The impact of a 3-year
after-school obesity prevention program in elementary school children. Child Obes
8, 60–70.
Zahner, L., Puder, J.J., Roth, R., et al., 2006. A school-based physical activity program to im-
prove health and ﬁtness in children aged 6–13 years (“Kinder-Sportstudie KISS”):
study design of a randomized controlled trial [ISRCTN15360785]. BMC Public Health
6, 147.
